ABSTRACT: The boreal and boreo-nemoral forests in Europe, which occur in northern and northeastern Europe, are dominated by 2 coniferous species, Norway spruce Picea abies (L.) Karst. being economically the most important one. Forestry is of major economic importance in this region. Forestry planning and climate change scenarios are based on similar (long-term) timescales, i.e. between 70 and 120 yr. Within the EU project 'Modelling the Impact of Climate Extremes' (MICE), we have used 'present day ' runs (1961-1990) and future scenarios (2070-2100, emission scenarios A2 and B2 from the Special Report on Emissions Scenarios [SRES]) of the HadRM3 regional climate model to study and model direct and indirect effects of changing climate on Norway spruce in Sweden and northern Europe. According to our results, extreme climate events like spring temperature backlashes and summer drought will increase in frequency and duration. In combination with a raised mean temperature, climate extremes will negatively precondition trees (i.e. increase their susceptibility) to secondary damage through pests and pathogens. Decreased forest vitality also makes stands more susceptible to windthrow. Storm damage is discussed based on a 100 yr storm damage record for Sweden. Marginally increased frequencies and windspeeds of storms may cause disproportionate increases in windthrow. Increased economic hazards can be expected from a combination of the increased volumes of wind-thrown timber, and a greater likelihood of additional generations of spruce bark beetle Ips typographus (further encouraged by the increase in fallen timber), as a result of a changing climate with warmer summers. 
BACKGROUND
Forestry in the Nordic countries is based on coniferous trees and is of major societal importance. The boreal forests of Finland and Sweden account for a large part of the European coniferous forest, e.g. 60% of the coniferous forest within the EU (as of 2003) (MCPFE & UNECE/FAO 2003) . About 55% of Swedish land area is covered by forest and > 95% of the productive forests are used for forestry (Statistical Yearbook of Forestry 2004) . The importance of forestry in the national and rural economy is fundamental, providing jobs and income for forest owners, forest workers and logging firms as well as a whole range of forestry-related services and forest industries. In 1996 the forest industrial cluster was responsible for 23% of industry turnover, 27% of added value, 26% of industrial employment, 33% of industrial export and 70% of the Swedish net export (Petäjä & Littenheim 2005) . In 2003, the value of exports from the Swedish forestry sector (part of the forest industrial cluster) was 109 billion Swedish Krone (SEK), and this accounted for 13% of total exports (Statistical Yearbook of Sweden 2004 ).
Swedish forestry is based, mainly on 2 native species: Norway spruce Picea abies (L.) Karst. and Scots pine Pinus sylvestris L. Norway spruce and Scots pine constitute 42 and 39% of the standing volume of forest trees, respectively-in total, 30 553 million m 3 standing volume over bark (Statistical Yearbook of Forestry 2004) . Forests are intensely managed and mainly mono-cultural: large areas are planted after felling or scarified to facilitate natural rejuvenation, and stands are repeatedly thinned to ensure optimal growth before clear-felling (Statistical Yearbook of Forestry 2004) .
One aspect of the forestry sector that sets it apart from most other industrial sectors is its long-term planning horizon; in practice, a full tree generation is in the order of 70 to 120 yr, indeed about the same order of duration as the time-frame of most climate change scenarios. A complicating factor is that today's management decisions on rejuvenation, planting and choice of species are likely to have significantly different outcomes in future climates than in the climates that current practices were devised to handle.
Studies of climate change impacts on European boreal forests have largely focused on direct changes in forest productivity or on projected changes in the geographical distribution of different biomes or major forest types (Sykes et al. 1996 , Saxe et al. 2001 , Karnosky 2003 , and to a lesser degree on indirect impacts. Several studies have shown that a doubled CO 2 concentration in the atmosphere is likely to cause major shifts in the distribution of forest types in northern Europe. Modelling assessments by Sykes et al. (1996) and Bradshaw et al. (2000) point to a northern movement of the boundary between the nemoral and boreo-nemoral forest in the order of 1000 km, as does a biogeographical assessment of changes in range of Norway spruce based on the shift the -2°C isotherm for the coldest winter month (Dahl 1998), which by and large defines the natural nemoral/boreo-nemoral boundary. While such assessments may seem very alarming from a forestry perspective (because the forest industry is so dependent on Norway spruce and Scots pine), it should be borne in mind that the natural range of forest trees not only reflects climate as such, but also differences in competition between species over several life cycles (Loehle & Leblanc 1996) . From a practical forestry perspective the range-change issue is probably not such a severe problem, as most forests are production forests that to a high degree are planted and managed ecosystems. Norway spruce is currently grown outside its natural range in many parts of Europe, albeit with a higher growth rate and attendant earlier maturing and a shorter life span owing to, inter alia, an increased sensitivity to windstorm damage. Thus, climate change impact on disturbance regimes and tree vitality is probably of more importance, from a practical perspective, than a change in range extent for e.g. Norway spruce (e.g. Fleming 1996). Preconditioning factors affecting tree vitality are often long-term, low intensity stresses of high frequency, but can also be the reverse of this (i.e. high intensity stresses of low frequency), e.g. extreme weather, events (Warin 1987 , Stjernquist & Selldén 2002 .
IMPACTS OF CLIMATE EXTREMES ON FORESTRY IN BOREAL EUROPE
Projected climate change implies not only a change in mean climate parameters, such as temperature or precipitation, but also that such a change will result in changes in the frequency and magnitude of extreme weather events (Waggoner 1989 , Brabson & Palutikof 2002 , Kjellström 2004 . The fact that climate extremes are often defining for many biological, as well as technical, systems is a cause for concern and one of the rationales for the EU-funded 'Modelling the Impact of Climate Extremes' (MICE) Project (Kundzewicz et al. 2001) .
The objective of the boreal forestry component within MICE has been to assess how changes in climate extremes may affect Scandinavian forestry through impacts on tree vitality or windstorm damage, as well as to assess the potential for insect damage by spruce bark beetles Ips typographus (L.), on Norway spruce. Norway spruce was chosen because of its economic importance, and because tree production and vitality are closely connected to a number of factors directly or indirectly related to climate. The starting point for the study is that tree vitality is affected by, inter alia, drought and frost, and vitality in turn affects tree susceptibility to windthrow and insect attack (Persson 1975 , Kramer et al. 2000 , Nielsen 2001 , Jönsson et al. 2004a . Spruce bark beetle attack is further favoured by warmer summers, and by the increased availability of food and brood trees subsequent to windstorm felling (Fig. 1) .
In common with other projects within MICE, we have used present-day runs of the SRES control scenario for the period 1961-1990 and 2 (A2 and B2) future scenario runs for 2070-2100 (Nakicenovic & Swart 2000) of the Hadley Centre regional climate model HadRM3H to study direct and indirect effects of climate change.
Drought and frost damage as preconditioning factors
Drought stress/damage and frost damage may reduce tree vitality, and both factors are likely to change in terms of location, frequency and magnitude in a future climate. With regard to drought risks, it may be noted that Norway spruce has a very superficial root system that, depending on local site conditions, can make it sensitive to drought or changes in soil water regime (von Röhrig 1966 , Köstler et al. 1968 , Puhe 1994 , Sverdrup et al. 2005 . Drought is currently limiting the competitive advantage of Norway spruce in SE Sweden (cf. Nilsson 1996) .
Changes in summer-late summer drought risk have been assessed by comparing changes in the 75th percentile over the 30 yr period of the number of dry days (defined as days with a precipitation < 0.5 mm) during the period 16 July to 15 September (Fig. 2) . It is apparent that summer drought conditions will increase in duration for large parts of Europe north of the Alps, and that the 75th percentile drought days will only decrease in small areas at (mainly) higher latitudes. The implications of the scenario depicted in Fig. 2 will be that larger areas will be faced by drought stress, and that areas currently suffering intermittent drought stress will be subject to stress more frequently as well as by more severe, i.e. longer, droughts. However, more detailed evaluation will have to take into account seasonal variability in climate, as well as regional/local edaphic and other factors, and relate these to growth or physiological proxies.
Frost damage occurs in trees when the temperature is lower than their frost hardiness. Damage ranges from the reversible, at a physiological cost for repair, to non-reversible damage causing necrosis to parts of the tree or its death (Larcher 1981 , Sakai & Larcher 1987 . Frost hardiness depends on the phenologic state, and varies over the year and within season depending on how the state of hardening/de-hardening has developed (Skre 1988 , Kramer et al. 2000 , Bigras et al. 2001 , Greer et al. 2001 . Thus, fixed thresholds are of little use to evaluate frost risks. We have evaluated the frost damage risks for the A2 and B2 scenarios by using different indices which were based on: the start of dehardening in spring, the timing of bud burst, the severity of the temperature backlash, and the cold hardiness level (Jönsson et al. 2004b) . Indices were based on (1) the number of temperature backlashes after the onset of de-hardening, (2) accumulated degree days between the onset of de-hardening and a temperature < -2°C, (3) the number of temperature backlashes after bud burst, and (4) the number of days below a temperature-adjusted spring and autumn hardiness level (cf. Jönsson et al. 2004b) .
Generally, the assessment showed a reinforced north-south spring backlash gradient, where the risk for spring frost damage increases in the south. Fig. 3 illustrates the change in spring backlash frequency. For both scenarios there is what may be regarded as a frost risk paradox, in that (regionally) the risk for spring frost damage appears to increase significantly in future milder climates. This increase in risk is due to the combined effects of earlier de-hardening and early spring frosts. The risk for autumn frost damage, currently affecting middle and northern Sweden, decreases in both scenarios.
Windstorm damage
Windthrow damage, although not always specified separately by insurance companies, is one of the major consequences of storm events (Kristensen et al. 2000 , Mayer & Schindler 2002 , Sacre 2002 , Braun et al. 2003 . On a European scale windstorm is responsible for 53% of the total damage to forests (Schelhaas et al. 2003) .
During the last decade, there has been intense discussion on the existence of evidence for changes in storm frequency in the North Atlantic and adjacent European areas, and if such a change (if any) is due to an anthropogenic climate change. The analyses and literature reviews by both Carretero et al. (1998) and Heino et al. (1999) concluded that there is no consistent observational evidence for any persistent trend in storm frequency for the North Atlantic and European areas during the 20th century. Instead, the end of the 19th century and beginning of the 20th century seem to have been just as stormy in northern Europe as were Climate change Fig. 1 . Conceptual model of impacts of climate extremes and raised mean temperature on forest vitality. Raised mean temperature affects tree vitality through slow changes in growth conditions due to temperature increase, increased CO 2 fertilisation and changes in soil nutrient availability. Depending on tree species, these effects may be positive or negative for tree vitality. Tree vitality is negatively affected by preconditioning extremes, e.g. frost spells during spring and dry spells during summer. A decreased vitality makes trees more sensitive to attack by pest and pathogens, e.g. spruce bark beetle. Direct forest damage is caused by strong windstorms. Wet soils and winters without frozen ground enhance the effect. Fallen trees are a good brooding material for spruce bark beetles On the other hand, published damage assessments (Munich Re 1990 Re , 1996 Re , 2002 ) have shown a considerable increase in the frequency of severe windstorm damage during the late 20th century, and would at a first glance seem to indicate an increase in windstorm frequency. There are, however, several other factors, such as land use changes, changes in stand age and structure, forestry practices and air pollution regimes, that change over time in ways that may alter the windthrow susceptibility of forests.
A complete database on windstorm damage in Sweden during the last century was compiled in order to assess whether storm damage has increased over time and, if such an increase was present, how it was related to changed windstorm conditions (Nilsson et al. 2004 ). We used data from county damage assessments performed by the Regional Forestry Boards (Skogsvårdsstyrelserna) and used the same age class boundaries as the National Forest Inventory (Riksskogstaxeringen) and an age threshold, 41 yr, as the age by which a stand will have normally been thinned and is tall enough to exert significant aerodynamic resistance and be at risk of windthrow (cf. Møller 1957 , Persson 1975 .
Storm damage to forest occurred relatively frequently during 51 yr in the last century (up to and including the year 2000), and was caused by 77 individual windstorms (Fig. 4) . Total storm losses during that century were 110.7 million m 3 ; however, 49% of volume losses was caused by 5 storm events only (Nilsson et al. 2004) . Storm damage appears to be greater in southern Sweden than in the northern part of the country. Furthermore, an increase in storm damage over the country as a whole during the latter part of the last century is probably not a result of increased storm frequency or magnitude, but rather an effect of both a larger proportion, and a larger absolute volume, of forests within the age classes prone to storm damage (Nilsson et al. 2004) . Changes in forest management may be a further contributing factor.
The analysis was carried further for southern Sweden, where it was possible to normalise loss data to the total volume of damaged timber per year, in any and B2 scenarios (Jönsson et al. 2004b) given county and year, as a proportion of the area of productive forest stands older than 41 yr in that county (total volume measured as m 3 standing volume [stem volume over bark from stump to tip]; damaged timber units: m 3 yr -1
; productive forest stands defined as stands with growth >1 m 3 yr -1
). This normalisation allowed unbiased comparisons over time both within and between counties, such that the effects of afforestation and ageing forest will not influence the analysis. The 2 southernmost counties had a disproportionate amount of windthrow damage (Fig. 6) , tentatively interpreted as an effect of milder winters with attendant higher respiratory losses for Norway spruce (in turn negatively affecting tree vitality, cf. Dahl 1998), and lack of frozen soil conditions anchoring stands.
Conditions affecting spruce bark beetle damage
Bark beetle damage to spruce trees is one of the major biological causes of loss to forestry in Europe (Schelhaas et al. 2003) . Mass occurrences of Norway spruce bark beetle Ips typographus L. are encouraged by the availability of weakened or dead trees for food and as breeding substrate, as well as by suitable climatic conditions (Annila 1969 , Wermelinger 2004 ) -temperature, for example, exercises a strong influence on bark beetle breeding (Annila 1969) . Beetle damage on a catastrophic level was associated with the presence of large volumes of windthrown trees after the 1969 storms in Sweden (Göthlin et al. 2000 , cf. Nilsson et al. 2004 ). In a future climate with elevated temperatures, the potential for bark beetle damage in spruce forestry may increase. Currently, most parts of Scandinavia have only 1 swarming period during summer and the production of a second generation occurs only infrequently in the southernmost part (Annila 1969 , Harding & Ravn 1985 . In a warmer climate, the temperature-dependent development from egg to insect will occur faster, thereby increasing the risk for an additional generation to reach swarming maturity during summer. A model was developed to assess the effect of climate change on spruce bark beetle dynamics. Temperature-dependent swarming activity and thermal requirement for development was modeled using temperature thresholds for swarming and temperature sums for beetle development (Jöns-son et al. 2004a) . Results show that the risk of a second swarming will increase substantially, from a yearly frequency of 0.1 for the control period to 0.7 and 1 for scenarios B2 and A2, respectively (Fig. 7) .
DISCUSSION AND CONCLUSIONS
When examining factors that affect Norway spruce vitality, susceptibility to windthrow, or vulnerability to bark beetle damage (cf. Fig. 1 ) we note that several aspects of modelled future climate is likely to negatively affect Norway spruce forests. The risk and duration of long drought periods will increase. Such drought effects are likely to be further enhanced in areas with high atmospheric nitrogen deposition, as this favours the development of reduced and superficial root systems (Majdi & Kangas 1997) . Similarly, in areas with high exposure to tropospheric ozone, as is the case for large parts of Europe and southern Scandinavia (Hjellbrekke & Solberg 2004) , negative drought effects may be further exacerbated as ozone damage to foliage, i.e. stomata damage, results in reduced capacity to conserve water (Maier-Maerker 1997 , 1999 . The combined stress effects of ozone, nitrogen deposition and drought have been reported to increase the bark beetle activity by up to 50% (Eratough Jones et al. 2004 ). The impact of climate change on regional ozone production and its interaction with drought requires further study.
The likelihood of frost damage poses a mixed picture: the southern parts of Sweden will be exposed to an increased risk of spring frost damage, while the risk of autumn frosts will decrease in the middle and and SRES A2 and B2 scenarios northern parts of Sweden. Spring frost damage will affect not only the vitality of larger trees but also, and perhaps more importantly, the establishment phase of seedlings and planted trees. Nitrogen deposition, once again, poses an additional stress factor as it reduces frost tolerance in plants (Skre 1988 , Thomas & Ahlers 1999 , Jönsson & Welander 2002 , Jönsson et al. 2004c ); current deposition is greatest in the southwestern and southern parts of Sweden (Sverdrup et al. 2002) .
Observed storm damage to Swedish forests has increased over the years (Nilsson et al. 2004) . This is interpreted to be due to a combination of factors, chiefly an increasing proportion of forests within the age susceptible to windthrow, and more pure spruce stands as opposed to mixed stands -an effect of modern silviculture and afforestation of former agricultural land (Statistical Yearbook of Forestry 2004 , Jönsson 1996 , rather than as an effect of changes in storm frequency or intensity (cf. Bärring & von Storch 2000) . Proportionally larger storm damage per unit area in 2 southernmost counties of Sweden is tentatively interpreted as reflecting a higher susceptibility to windthrow in spruce growing outside the -2°C isotherm for the coldest winter month, where increased respiratory losses during winter reduce tree vitality (cf. Dahl 1998), and unfrozen soil conditions reduce tree stability (Nilsson et al. 2004) .
Results of Leckebusch & Ulbrich (2004) and Leckebusch et al. (2006, this issue) indicate that both the frequency and intensity of severe windstorm events will increase slightly in northern continental Europe and southern Scandinavia. Huge windthrow losses caused by the 8 January 2005 storm in southern Sweden (equivalent to 63% of the total volume damaged during the previous century) could be seen as an example of some of the problems that may face future forestry. The storm was not outside what may be regarded as the normal range of intensity, but it clearly belonged to the higher end of the intensity distribution. As such, this storm illustrates the point that minor increases in storm intensity may cause disproportionate increases in damage. A slight increase in future storm intensities, coupled with increased prevalence of forests of largely monocultural character and in age classes prone to windthrow, gives cause for concern. Damage is likely to arise both directly from storms, and indirectly where food and brood tree availability increases in a future climate. A warmer climate will also favour earlier swarming and second broods of spruce bark beetles, as well as improved winter survival for the beetle. Various forms of forest management could, however, reduce storm damage susceptibility (Gardiner & Quine 2000) , and thus the amount trees available to spruce bark beetles following storms.
There is a need for better models of climate change impacts on forestry, in particular for models that are able to handle coupled impacts of the kind described above (cf. Ayres & Lombardero 2000) . This is particularly true for the boreal forest, which supplies a major industrial sector. One of the important outcomes from a broad-based seminar held for forestry stakeholders was the recognition of the need for improved impact assessments (with explicit declarations about the uncertainties involved) to allow for the inclusion of climate change effects in long-term forest planning and management decisions. 
